Aims. We present a new set of weak-line abundances of HII regions in M81, based on Gemini Multi-Object Spectrograph (GMOS) observations. The aim is to derive plasma and abundance analysis for a sizable set of emission-line targets to study the galactic chemical contents in the framework of galactic metallicity gradients. Methods. We used the weak-line abundance approach by deriving electron density and temperatures for several HII regions in M81. Gradient analysis is based on oxygen abundances. Results. Together with a set of HII region abundances determined similarly by us with Multi-Mirror Telescope (MMT) spectra, the new data yield to a radial oxygen gradient of -0.088±0.013 dex kpc −1 , which is steeper than the metallicity gradient obtained for planetary nebulae (-0.044±0.007 dex kpc −1 ). This result could be interpreted as gradient evolution with time: Models of galactic evolution with inside-out disk formation associated to pre-enriched gas infall would produce such difference of gradients, although stellar migration effects would also induce a difference in the metallicity gradients between the old and young populations. Conclusions. By comparing the M81 metallicity gradients with those of other spiral galaxies, all consistently derived from weak-line analysis, we can infer that similar gradient difference is common among spirals. The metallicity gradient slopes for HII regions and PNe seem to be steeper in M81 than in other galactic disks, which is likely due to the fact that M81 belongs to a galaxy group. We also found that M81 has experienced an average oxygen enrichment of 0.14±0.08 dex in the spatial domain defined by the observations. Our data are compatible with a break in the radial oxygen gradient slope around R25 as inferred by other authors both in M81 and in other galaxies.
Introduction
The metallicity of a galaxy carries the signature of its history, including various phenomena such as gas accretion during the first epochs (infall), star formation, and subsequent gas outflow/inflow. Among the various observational constraints that can shed light on the galaxy past, an important one is the radial metallicity gradient-and its evolution with time-which is sensitive to the assembly history at different radii, and thus tells a story about galaxy formation and evolution processes.
From an observational point of view, during the last decades the study of the gradient evolution has been mainly investigated through the determination of the metallicity of resolved populations with different ages in the Milky Way and in nearby galaxies. Measurements of metallicity of different targets in the Local Universe (for instance young OB stars and HII regions, Cepheids, open clusters, red giant stars) have shown that disk galaxies usually exhibit negative radial metallicity gradients, with higher metallicity in their inner regions and lower metallicity at larger galactocentric radii (e.g., Vila-Costas & Edmunds 1992; Zaristisky et al. 1994; Rupke et al. 2010) . It was also found that, in several cases, the radial gradient becomes flatter at large radii (e.g., Werk et al. 2011; Bresolin et al. 2012 ; CALIFA survey results described in Sanchez et al. 2013) . Very recently, more attention has also been devoted to measurements of the time evolution of metallicity gradients and its consequent implications for galaxy formation and evolution.
In the Galaxy, two stellar tracers have been essentially used to investigate the time evolution of the radial gradient: open clusters and planetary nebulae (PNe). Open clusters represents a reliable approach to the study of the time evolution of the metallicity gradient, since it is possible to firmly determine their age, Galactocentric distances, and abundances of a large number of elements (see, e.g., Janes 1979; Freeman & Bland-Hawthorn 2002; Friel et al. 2002; Magrini et al. 2009a; Bland-Hawthorn et al. 2010; Kobayashi & Nakasato 2011 , Yong et al. 2012 . From the recent high spectral resolution studies of open clusters in the inner Galaxy (R G < 13 kpc) the older open clusters show a steeper abundance gradient than the younger clusters, implying thus a slight gradient flattening with time in the inner Galaxy.
Planetary nebulae in principle should allow to detect the time evolution of the gradient by comparing the presenttime gradient, as outlined by HII regions, with that of PNe of different ages. In our Galaxy however the distances to PNe are affected to large uncertainties that restrict their use as tracers of the past evolution of metallicity gradients. The best distance scale available to date is the one calibrated on the Magellanic Cloud PNe observed with the Hubble Space Telescope (HST) (Stanghellini et al. 2008 ). This distance scale is very similar to Cahn et al. (1992) 's scale, the most commonly used to date. Stanghellini & Haywood (2010) used Stanghellini et al. (2008) 's scale and oxygen abundances from weak-line analysis to determine Galactic metallicity gradients with PNe of different progenitor ages. The sample of PNe analyzed by Stanghellini & Haywood (2010) had been parsed into age bins based on their location with respect to the Galactic plane, their peculiar radial velocity, and their nitrogen and helium contents. In fact, the mass range of PN progenitors can be constrained by comparing the observed N and He enrichment to the yields from stellar evolution; this allows to mark the time of PN progenitor formation, and consequently allows the determination of chemical enrichment when comparing α-element abundances in young and old populations. The nebular parameters listed above have typically low uncertainties, and are only marginally dependent on assumptions. Stanghellini & Haywood (2010) found a very mild steepening of the gradient with time, but the evolution is not significant given the distance scale uncertainties. On the other hand, Maciel and Costa (2013) determined the radial metallicity gradients of several PN populations with Cahn et al. (1992) 's distance scale, and by using the PN central star properties to date the PN populations; they found radial gradients almost invariant with time, with differences consistent with the age-metallicity dispersion. The different results by the two PN teams could be ascribed to uncertainties associated with dating PN based on central stars -given that stellar progenitors could have had a non-conventional evolution such as common envelope binaries -rather than to the distance scale used.
In external galaxies, where PNe can be assumed, to first order, at the same distance of the host galaxy, the comparison of PNe and HII region abundances, investigated with similar observational and analysis techniques, has given reliable results (e.g., Magrini et al. 2007 Magrini et al. , 2010 Stasinska et al. 2013) . The large database of PNe and HII regions in M33 indicate that the galaxy underwent a global enrichment similar at all radii, and that the slope of the gradient was essentially unvaried . For NGC 300, Stasinska et al. (2013) found that the formal abundance gradients of PNe are shallower than for HII regions. However, their large observed abundance dispersion and the small statistics on which their results are based make any conclusion on a possible steepening of the gradients with time only tentative.
An alternative approach to the study of the time evolution of metallicity gradients is to derive them at different cosmic epochs, and to compare with local z=0 galaxies, taking care of considering galaxies with equivalent dark matter halos. Some pioneering studies have found unexpected results that suggest that some massive galaxies may show positive gradients with lower metallicity in the central regions (Cresci et al. 2010; Queyrel et al. 2012 ) at very high redshift (z∼3). These galaxies, however, are likely progenitors of present time massive elliptical galaxies and should be not compared with present disk galaxies. Other recent studies were instead based on the analysis of high-z lensed galaxies: Jones at al. (2010) measured the metallicity gradient of a gravitationally lensed galaxy at z=2 finding it significantly steeper than in local disk galaxies. A similar result was obtained in another lensed galaxy at z=1.5 (Yuan et al. 2011 ). Other four lensed galaxies were studied very recently by Jones et al. (2013) who compared them with galaxies at lower redshift selected to occupy equivalent dark matter halos. They found that, on average, gradients flatten by a factor of ∼2.6 between z=2.2 and z=0, in agreement with size evolution measured for more massive galaxies by van Dokkum et al. (2010) .
The emerging scenario at this time is that several Local Universe observations have shown the presence of metallicity gradients in old populations, such as PNe and open clusters. Since radial migration is able only to flatten the gradient redistributing the stars of different ages (see, e.g., Fig. 2 of Roskar et al 2008; Michev et al. 2013) , the observations of non null gradients in old population imply that the effect of radial migration of stellar population is not so strong to cancel them. To date, we do not have a firm conclusion on the evolution of the gradients in the Local Universe since different authors found discordant results. However we can conclude that all results are in the framework of a limited evolution of the slope with time. From the high-z Universe observations, the new set of observations of lensed galaxies (consistent to be present disk-galaxy progenitors) show steeper gradients than that observed presently in disk galaxies. If we compare the high-z results with Fig. 2 in Roskar et al. (2008) , we can see that they are not inconsistent with what observed with old stellar population in Local Universe galaxies.
From a theoretical point of view, different types of classical chemical evolution models -where "classical" means that they do not consider the cosmological context, and they do not consider dynamical effects-predict different temporal behaviors of the metallicity gradients due to the different rates of the chemical enrichment in inner and outer regions of the galactic disk related to the star formation and infall processes. The models can be broadly divided in those where the metallicity gradients steepen with time (Chiappini et al. 1997; Chiappini et al. 2001 ) and those where they flatten with time (Mollá et al. 1997; Portinari & Chiosi 1999; Bossier & Prantzos 1999; Hou et al. 2000; Magrini et al. 2007 Magrini et al. , 2009b . However, classical models have been recently overcame by the development of models of formation and evolution of galaxies created in a cosmological context (see, e.g., Rahimi et al. 2011 , Pilkington et al. 2012 , Gibson et al. 2013 ) and by models that join chemical evolution with dynamical aspects (see. e.g., Michev et al. 2013) . Only recently these new set of models reached a spatial resolution able to investigate the shape of the metallicity gradients and its evolution with time.
The conclusions given by Gibson et al. (2013) are instructive of the present time situation. With their modeled galaxies, realized with different assumptions (e.g., with different feedback implementations) they can obtain both gradients that only mildly steepen with time, and metallicity gradients steeper at high redshift, that subsequently flatten with time. Both results have an observational counterparts, and thus they conclude that more constraints from the local and high-redshift Universe are necessary to provide more definitive conclusions on the time evolution of the gradients. To a similar conclusions arrives Mollá et al. (2014) , where spectro-photometric models show a moderate flattening of the radial gradients with decreased redshift, flattening that tend to be less noticeable when only the inner parts of the galaxies are accounted for.
Aiming at adding more constraints to the evolution of radial metallicity gradients, we embarked in observing a significant sample of HII regions in M81, a nearby (3.63±0.34 Mpc, Freedman et al. 2001 ) spiral galaxy whose membership to a tidal group is evident from its extended tidal streams, clearly observed in the HI emission line (Gottesman & Weliachew 1975; Yun et al. 1994) . Several tools are available to understand the chemical evolution of the M81 disk: star clusters (Ma et al. 2005 , Nantais et al. 2011 , young supergiant stars (Davidge 2006) , X-ray sources (Sell et al. 2011) , and color-magnitude diagram fitting to the HST-resolved stellar population (Kudritzki et al., 2012) . Nonetheless, emission-line targets such as HII regions and PNe have advantages over their stellar counterparts since PNe and HII region spectra are analyzed in similar ways, making the comparison of the two sets of probes more direct than when comparing sources of different nature. HII regions and PNe represent different star formation epochs in the galaxy evolutionary history, HII regions probing the stellar population currently formed, and PNe being the gaseous remnants of stars formed 1-10 Gyr ago; studied together the two populations provide the temporal dimension of galactic evolution. The study of chemical evolution through emission-line probes in M81 has been attempted before. Garnett & Shields (1987) have used strongline abundances to constrain the radial metallicity gradient of the M81 disk with oxygen abundances of HII regions, finding a negative gradient of about -0.08 dex kpc −1 at intermediate (4-12 kpc) galactocentric radii. The strongline method provides estimate of elemental abundances, while the weak-line method utilizes auroral line strengths to determine electron temperatures directly, and it is much more accurate in determining ionic abundances. M81 has a well-defined, shallow PN metallicity gradient from weakline analysis ; several HII regions have been studied within the same paper as well, but the characterization of the radial metallicity gradient has not been possible given the limited number of probes observed.
While direct comparison of emission line abundances from probes of different progenitors has been attempted successfully in M33 and NGC 300, to date there are no other nearby spirals where adequate spectroscopy is available for both PNe and HII regions to determine weak-line abundances. This paper represents a continuation of these abundance studies started by us with M33 (Magrini et al. 2009b , and M81 . Here, we present the weak-line abundances from a new dataset of HII region spectroscopy in the inner 12 kpc of M81. We observed two M81 fields with the Gemini Multi-Object Spectrograph (GMOS) on Gemini North with the aim of obtaining weak-line abundances for HII regions that would define the radial metallicity gradient in the inner parts of M81, with the main goal to study their metallicity gradient and chemical enrichment.
We present the data acquisition and analysis in §2; the radial metallicity gradients and metal enrichment of M81 based on our data are in §3; the discussion, in §4, includes a comparison of M81 weak-line abundance gradients with those of other galaxies. The conclusions are given in §5.
Data acquisition and analysis
Progress in understanding galaxy formation and evolution is made by constraining evolutionary models with the best available data sets. The chemical evolution of galactic disks in particular is well described by their radial metallicity gradients: abundances of resolved targets, together with their spatial distribution, set solid constraints on the star formation history and rates of the studied galaxies. Abundance studies in nearby galaxies, where the stellar populations can be resolved, offer the opportunity to constrain models of disk evolution which can be then extrapolated to higher redshifts, where the effects of variations in star formation history and stellar ages are more difficult to quantify.
Our data set consists of narrow-band and continuum images, and Multi-Object Spectrograph (MOS) spectroscopy, of two M81 fields. Pre-imaging was acquired with GMOS-N in queue mode, while MOS observations were acquired on January 24, 2012 in classical mode from Mauna Kea. A log of all observations is given in 1, where we report the field, date, set up, and, for the queue observations, and the observing conditions (Image Quality, Cloud Cover, and Background), as defined by Gemini.
Pre-imaging
With program GN-2011B-Q-32 we studied two fields of M81, both covering an area of 5. Table 1 .
In Figure 1 we have indicated the location of our fields. Therein, the squares indicate the position of the identified HII regions that we have then observed spectroscopically, and whose spectra have sufficient S/N ratio (∼3) for their lines to be listed in the flux tables, while crosses correspond to targeted regions whose spectra were not well characterized. The regions had been identified in the subtracted images, where the continuum images have been scaled then subtracted from the Hα images. We have used the GMOS mask-making software (gmmps, available on Gemini webpages) to produce the two masks for spectroscopy. We endeavored to select only HII regions, avoiding targets that were likely to be planetary nebulae (the slightly fainter, compact Hα sources).
We could perform MOS spectroscopy of 27 HII regions in field 1 and 29 regions in field 2.
MOS spectroscopy
The MOS spectroscopy of both M81 fields were acquired classically on January 24, 2012, with GMOS-N at Mauna Kea. We employed both the R400 and B600 gratings in order to obtain the full spectral domain between 3200 and 9000Å needed for the science goals, and used 1 ′′ slitlets with 2×2 binning. The structure of our observing sequence is the one suggested by Gemini, which for each field consists of: (1) the baseline arcs in both gratings, (2) the mask image, (3) the acquisition of the field, (4) the science observations with flats, with three MOS spectra for each setting. Then we also acquired twilight flats, long slit spectra of a standard star and the calibration arcs and flats for the standard star.
In order to avoid the spectroscopic gaps (roughly 37 pixels each) between the three detectors we have observed the fields with B600 MOS and central wavelengths 5200 and 5250Å, while only one wavelength setting, 7400Å, has been used for the R400 gratings. We also acquired R400 spectra with central wavelength 5200Å, which we did not use in the science presented here (the overlap with he other spectra was too limited).
The data analysis has been performed with the IRAF 1 routines for GMOS. First, we have selected biases and run gbias to obtain a combined bias frame. For each field, grating, and setting we have then combined and reduced the flat frames with gsflat, then run sgcut, with input the combined flats, to obtain the edges of the slits. In order to simplify data reduction and file keeping, we produced input and output file lists for each field, grating, and setting, so we can perform data analysis on the lists rather than individual files. The first data analysis step is to run gsreduce. We used as input the corresponding lists of spectroscopic images relative to each field and setting, and used the bias and combined flats produced as indicated above. Cosmic ray rejection is possible due to the multiple MOS images for each setting.
The arc spectra have been reduced separately for each setting, also with gsreduce, with the same bias obtained above. Arc reduction do not include flats since they had been observed in sequence with the science images, as typical for GMOS observations. Then for each configuration we chose the best arc image, and used it to find the wavelength solution with gswavelength, making certain that we used the updated line data as input while running the routine. Reduced arcs should be then transformed with gstransform to obtain the wavtran parameters. We have inspected all transformed arcs for spurious lines, taking care that the set we have used in the final calibrations are all free from problems.
The wavelength calibration was then performed for all reduced science frames with the routine gstransform, once for each setting, using as input all reduced MOS frames relative to that setting, and for wavtran the one relative to the setting as well. At this stage, we combine all frames relative to the same field, grating, and central wavelength with gemcombine, which will preserve their multi-slit format. The end products are 4 reduced, calibrated, combined spectral frames for each field (two for each grating, one for each central wavelength). Each frame contains 27 (field 1) or 29 (field 2) spectra of the HII regions. We inspected all spectra, and verified that the major expected emission lines, such as Hα and Hβ, were at the correct wavelengths.
In order to extract the 1D spectra from each frame we used the gsextract routine, which also performs sky subtraction in the process. The manuals and instructions available for these gemini IRAF routines are extremely scarce, thus we have used instead Massey's IRAF apall manual to determine the best ways to perform the spectral extraction.
To assess the quality of our spectral data we had to obtain a sensitive function for each grating, so we could compare the fluxes of same-target lines from different gratings, where present, and also estimate Balmer line flux ratios. The sensitive functions for each grating have been derived from standard star observations. The standard star G191B2B has been observed in longslit mode to provide flux calibration. While we do not expect excellent absolute fluxes from this project, we do need relative calibration across gratings that will provide a correct reddening and abundance analysis. The standard star observations were obtained with gratings B600 (central wavelengths 5200, 4200, 6200Å) and R400 (7400, 4200, 6200, 9000Å), to have adequate wavelength coverage and overlaps. We retrieved the calibration arcs and flats relative to these settings from the Gemini Data Archive. The 1D spectra were treated similarly to the 2D spectra, by (i) combining and reducing the flats, (ii) reducing the science frames, (iii) reducing the arcs, (iv) finding the wavelength solution and parameters for the arcs, and (iv) finding the wavelength solution for the science frames.
At this stage, we found a sensitivity function solution for the standard star. First, we sky-subtracted all standard star science frames that have been previously reduced, and transformed them according to their corresponding wavtran solutions, with gskysub. Following, we proceed to extract the 1D spectra for all settings with gsextract. The next step is to obtain the sensitivity function with gsstandards, which are used to calibrate the standard stars spectra. Give the setting of the standard star spectra, we have redundant information for the sensitivity function. We thus plotted all sensitivity functions for each grating, and obtained a spliced function per grating that covers the wavelength domain that we need to calibrate the MOS science frames. We use the same sensitivity functions for both fields.
The extracted science spectra have been calibrated with gscalibrate and the appropriate sensitivity function. We had compared Hβ in both central wavelength settings of the B600 spectra for region 1, and the fluxes are within 4% in field 1, and within 0.4% in field 2. The routine scombine had been used to combine pairs of spectra with different central wavelengths, and to isolate the individual slitlets.
In Figure 2 we show the of 1D spectra of region 1F1 and 21F1, to show the typical S/N achieved in the bright emission lines.
Spectral analysis
In Table 2 we list the ID (column 1), and coordinates (columns 2 and 3) of the HII regions observed. We have searched the literature for possible earlier identification of the regions, and we found possible pre-identification (within 5 ′′ of the Gemini coordinates) for several regions; we give the possible aliases in column 4. In this table, and in the rest of the paper, we will use the target nomenclature RFM, with R=region number, and M=field number, for all HII regions analyzed. A N in column (5) in Table 2 means that the spectrum is not well characterized, thus we do not publish its line fluxes in the tables (either the S/N was below 3 for the whole spectrum, or a notable mismatch between the red and blue spectra was noted). Furthermore, a N in column (6) means that weak-line abundances are not available, while a U in the same column indicates that abundances have been calculated in conditions of very low S/N plasma diagnostic lines for the temperatures, or if some of the major ionic lines were missing, thus the derived total abundances were unreliable (we still give the plasma diagnostic and ionic abundances in the tables, but do not use them for gradients or average abundances).
We measured the emission-line fluxes with the IRAF routine splot. Errors in the fluxes had been estimated with the splot analysis, as described in detail in the splot help file. Line errors are based on the observed parameters measured in each spectrum, such as pixel count in the continuum and inverse gain, and require a model for the pixel sigmas, which is based on Poisson statistics. For blended lines, splot offers a Montecarlo modeling of the line blend. We chose N=50 iterations for the de-blending functions. All measured line intensities have been corrected for extinction when emission lines of the Balmer series were available (see notes in Table 2 ). In the few cases where the extinction constant is negative we assume null extinction. We have used the extinction correction formula with T e =10,000 K for all targets, then obtain, when possible, electron temperature and density, and then recalculate the extinction constant with the appropriate theoretical Hα/Hβ fluxes given the target electron temperature (see Osterbrock & Ferland 2006) . Extinction-corrected line intensities are given in Table 3 (published online), where for each target we give its name, logarithmic extinction constant with its error, and then the line ID, wavelength, corresponding flux and its error, and the line intensity. All fluxes and intensities have been scaled in the usual way, where F Hβ =100, and I Hβ =100.
We detected lines in common in the B600 and R400 gratings for 34 regions, thus we could assess the data analysis across gratings. We calculate, for Hα, F B600 =1.033×F R400 -3.59×10
−19 , with correlation coefficient (in the log F) of 0.96. In Figure 3 we show the residuals on the Hα fluxes between the two gratings as a function of flux and distance from the galactic center. There is a net correlation of the residuals with flux, as expected given that fainter lines have larger relative errors. The mean relative differences between Hα fluxes in the two gratings is 0.2±0.18; only for regions 4F1, 5F1, 7F1, and 16F1 the mean relative difference of the flux across grating is notable; such a difference is readily explained in 4F1 and 7F1, where the Hα emission saturates the slit, and thus it is hard to get a good sky subtraction for this bright emission line. For these two targets the [S II] doublet at 6717-31Å is present in both gratings, and we thus use these lines for the grating comparison, finding an average difference of ∼0.3±0.05 between the sulphur lines from the B600 and R400 spectra both for 4F1 and 7F1, making us confident that the spectral data reduction has been accurate. Regions 5F1 and 16F1 present a relative difference of Hα across the gratings of ∼0.5 with no apparent reason, excluding the fact that these regions are very faint. The Hα residuals do not correlate statistically with the distance from the galactic center (we have excluded exclude 4F1 and 7F1 from the statistical calculation, see above).
The selection of our targets is based on Hα pre-imaging, thus some contamination of the HII sample with other sources is possible. We are particularly concerned about PN contamination, which would affect the presumed age of the population. The spectral analysis allow us to determine the likelihood that the regions observed are indeed young HII regions by comparing their fluxes with classical diagnostic diagrams (e. g., Baldwin et al. 1981 , Kniazev et al. 2008 . In Figure 4 we show the log(I λ5007 /I Hβ ) vs. log(I λ6584 /I Hα ) plot for the analyzed regions, similarly to the upper panel of Fig. 3 in Kniazev et al. 2008 . We note that all the analyzed regions fall well below the I λ5007 /I Hβ > (0.61×(I λ6584 -0.47))+1.19 curve, with the exception of one region (19F1), which might be a PN instead. We determine the 19F1 oxygen abundance, but we exclude it from gradient and average calculations.
It is worth mentioning that the position of regions 2F1 and 27F2 coincide, within 5 ′′ , with previously classified possible PNe, while 18F2 was previously classified as a PN. We confirm that 2F1 and 27F2 are bona-fide HII regions. The nature of 18F2 is still unclear because we do not have a reliable spectrum. The possible misclassification of this target does not affect the conclusions of this paper since we do not derive its abundances and thus we do not include it in the analysis. Diagnostic line intensities have been used to calculate electron densities and temperature from the weakline method, as in previous works (e.g., , Magrini et al. 2009b ) with the IRAF nebular package. We used either [N II] λ5755Å or [O III] λ4363Å as the weak temperature diagnostic line, which were available for 13 regions once we exclude those whose diagnostic line fluxes were below S/N∼3. Electron densities were inferred from the [S II] λλ6717-6731Å doublet. When the sulfur lines were unavailable, or when the doublet line ratio leads off the domain of the density-intensity ratio curve, towards low-densities, we assumed Ne=100 cm −3 . In Table 4 (published online) we give the output of the plasma and abundance analysis, including the upper limits. We give the region name, then for each region we list the parameter (column 1) and its value (column 2). Parameters include electron density and temperatures, ionic abundances of ions whose emission lines had sufficient S/N, the Ionization Correction Factors (ICFs) used in the calculation of elemental abundances, and the elemental abundances. The method used for abundance calculation is similar to that used in other papers of this series (Magrini et al. 2009b , where the ionic abundances are formalized in the IRAF routines ionic within nebular, and the ICF scheme is based on Kingsburgh & Barlow (1994) .
Uncertainties in the abundances are due to (1) uncertainties in the abundance diagnostic lines, which are very small being the lines very strong; (2) uncertainties in the diagnostic lines for electron temperature and density, the first being relatively high due to weak line diagnostics; (3) uncertainties in the ICF that we have assumed for the determination of atomic abundances. To get errors in all ionic abundances we have propagated the errors in the diagnostic lines used in plasma diagnostics. When calculating the final atomic abundances, we need to consider both the ionic abundances uncertainties and those from the ICFs (Kingsburgh & Barlow 1994) . The oxygen ICF is equal to unity for all our regions, since ICF(O)=((He + +He 2+ )/He + ) 2/3 , and we do not detect the He 2+ emission in our targets, then the uncertainty in the ICF assumption for oxygen is zero. In the case of argon, ICF(Ar)=1.873±0.41 for all regions, thus we add the ICF error (in quadrature) to the ionic abundance uncertainties. To obtain the final uncertainties of sulfur and nitrogen abundances we add, in quadrature, the uncertainties in the emission lines, both the ones of the abundance diagnostics and the weak-line for plasma diagnostics, to the uncertainties in the oxygen abundances. We do so since the ICFs for sulfur and nitrogen have a direct dependency on the oxygen abundances. The final uncertainties are very conservative. In Table 5 (columns 3 through 7) we give the abundances and their errors for the regions where the weak-line diagnostics was determined from diagnostic lines with S/N >3.
We could simultaneously calculate electron temperatures from both the low-and high-excitation emission lines only in 3 regions (1F1, 21F1, and 8F2), and we have used the ionization-appropriate diagnostics for the relevant ionic abundances. For all other regions we used the one temperature available for all ions. This translates into an additional uncertainty in the abundances, estimated to be much lower than other uncertainty factors. If we assume that the two temperatures are within 70% of one another, then the maximum error in abundance determination is 0.01 dex for the high-excitation, and 0.02 dex for the low-excitation ions.
We found almost no correlation between oxygen and argon, or oxygen and sulfur abundance sets, similarly to what we have seen in the MMT sample of HII regions in M81 ).
Radial metallicity gradients, and elemental enrichment
In this section we discuss the data points that constrain the metallicity gradient of HII regions and PNe, based on weak-line abundances of emission-line targets. In Table 5 we give the abundances used for the gradient determination. In order to study the radial metallicity gradients we calculate the galactocentric distances (R G ) of all regions, with the method described in , and give them in Table 5 (column 2). Uncertainties in the galactocentric distances are mostly due to the galaxy inclination on the plane of the sky and given the moderate inclination angle of the disk and the large distance to M81 they are very low. Together with the HII region sample observed with GMOS, we also used the sample from MMT spectroscopy . Of the 19 PNe whose abundances have been calculated by , 7 are observed in the GMOS fields. We confirm that 5 of these are indeed PNe, while PN 45 and PN 70 turned out to be extended; at the distance of M81, planetary nebulae are point sources, thus we re-classify these two extended sources as HII regions and include them in the MMT HII region sample presented here, while at the same time we remove them from the PN sample. PN33, also in the PN sample where MMT and GMOS observations overlap, is very close to another HII region, thus it is hard to determine whether it is extended. To calculate radial metallicity gradients we use the HII regions in Table 5 , and the HII regions and PNe in Table 5 of , but with PN 45 and PN 70 therein moved to the HII region sample. Patterson et al. (2012) also analyzed HII regions in M81, and derived a handful of weak-line abundances, moistly relevant to the large galactocentric distances, which we discuss in the next section.
The best way to calculate fits for the gradients is with the fitexy routine in Numerical Recipes (Press et al. 1988 ). The fitexy routine handles both abundances and distances uncertainties, and gives not only the slope and intercept but also the likelihood of the fit, in terms of χ 2 and its probability q 2 . Simple linear fits with least square routines can be misleading, especially if the x and y uncertainties have very different scales; in this case, the abundances are logarithmic quantities, and have variable uncertainties, while the distances have very low uncertainties in the linear scale. A discussion of fitexy as being the best choice for astrophysical linear fits is found in Park et al (2012) . Oxygen abundances are the best probes for metallicity gradients in HII regions: They are determined without ICF corrections, thus their uncertainties are limited to those in the line intensities, which are small with the exception of the auroral diagnostic lines for the T e determination. We deem that gradients determined from the GMOS and MMT samples analyzed jointly are best because based on a larger database. Both the MMT and GMOS samples alone are too small for statistical significance (the present work was strongly motivated by the limited number of HII regions observed with MMT).
In Figure 5 we plot the oxygen abundances vs. galactocentric distance for different populations. The top panel of Figure 5 shows HII regions from both the MMT and GMOS samples; for this joint sample we found -by setting distance uncertainties to 0 -a negative oxygen gradient ∆log(O/H)/∆R G =-0.088±0.013 dex kpc −1 , with intercept 9.202±0.107. The fitexy routines gives q=0.051 for this gradient, which is acceptable (χ 2 /(degrees of freedom) ∼1). The data have a lot of scatter (see Fig. 5 ), thus we did not expect a very high probability. We also determine that the fit residuals are spread between 0 and 0.7 dex, peaked at 0.2, where the abundance errors are typically between 0.1 and 0.5 dex. It is worth noting that the MMT sample alone would not produce a reliable gradient, given the limitedness of the sample, as assessed in . The resulting oxygen gradient is consistent within the error with the strong-line gradient by Garnett & Shields (1987) .
For the newly defined planetary nebula set (lower panel of Fig. 5 , also in Table 5 of , minus PN45 and PN70), we found ∆log(O/H)/∆R G =-0.044±0.007 dex kpc −1 , and intercept 8.587±0.062. Residuals are slightly smaller for PNe than for HII regions, and they are consistent with the abundance errors; the fit probability, q=0.053, is better than, but comparable to, that of the HII regions fit. The two samples, HII regions and PNe, are thus directly comparable. We infer a moderate evolution of the radial metallicity gradient with time. In Figure 6 we plot the top and bottom panels of Figure  5 together, to view the different gradients. While HII regions mark the current galactic time, thus their α-elemental abundances narrate the evolutionary history of the galaxy since its formation, PN α-element abundances capture the metallicity makeup at progenitor formation. We did not observe Type I PNe in M81; since Type I PNe have higher mass progenitors (Peimbert & Torres-Peimbert 1983) , we can assume that all PN progenitors in M81 are roughly in the 1-2 M ⊙ mass range, with a population age between 1 and 10 Gyr (Maraston 2005 , see also .
Oxygen abundances and the location of the probes seem to indicate that the radial gradient determined by HII regions is steeper than that of PNe (see Table 6 ). It is worth noting that the radial range of PNe is more extended that that of HII regions. If we rigorously select only PNe in the radial range defined by the HII regions we would have only 8 targets left for the gradient estimate. Such small sample is not adequate to get a gradient with the fitexy routine. A simple least-square fit to these 8 data points gives an even flatter gradient, -0.03 dex kpc −1 , which is again compatible with the results above. It is worth noting that several HII region abundances carry very large uncertainties. If we select only HII regions with ∆logO/H < 0.3 (middle panel of figure 5 ) we find a more constrained set of regions, where a direct least square fit gives a slope of -0.07 dex kpc −2 . Finally, if we were to eliminate from the sample of HII regions the one with smallest galactocentric radius we would obtain a similar fit with slope -0.08±0.015 dex kpc −1 and q=0.05; if instead we were to eliminate the HII region with largest galactocentric distance, the fitexy routine would not converge. In summary, while statistical analysis indicates that the radial metallicity gradient is steepening with time, clearly more abundances of regions with larger galactocentric distances are needed to pin down the gradient evolution for this galaxy. This has implications in our conclusions (see Section 5).
The indication of a gradient evolution that we found covers a rather limited galactic baseline, and it can not be extended to α-elements other than oxygen, given the limited samples for which neon and argon abundances are available in HII regions and PNe of M81, and given the intrinsic uncertainties of sulfur abundances. If we include the four HII regions with weak-line oxygen abundances and with R<16 kpc (i.e., the inner regions) in Patterson et al. (2012) in the sample we would obtain a gradient slope of ∼-0.08±0.01 dex kpc −1 , and an average oxygen abundance of 3.4±1.9×10 , thus none of the conclusions regarding gradient evolution or enrichment would change notably. The outer regions analyzed by Patterson et al. (2012) are discussed in the next section.
Nitrogen also indicates the presence of a similarly negative gradient slope. Figure 7 shows the nitrogen gradient for HII regions and the PNe, similarly to Figure 5 . Nitrogen is not an α-element, thus gradient evolution is the result of both enrichment and AGB evolution, thus the slopes of HII regions and PN gradients could not be applied to infer the (lack of) gradient evolution. It is worth noting that the fit of nitrogen gradients for the HII regions presented in Figure  7 does not converge to a suitably low χ 2 value; both the complete HII region sample and the more limited low-error sample fits produce rather high χ 2 values with χ 2 /(degrees of freedom) ∼10, with low fit probabilities. In Table 6 and in the figure we give the least-square fits, weighted with the uncertainties, which does not produce fit uncertainties.
Although sulfur abundances are notoriously unreliable, we still report them in the abundance tables but we do not feel they should be used for detailed gradient analysis. The argon gradient of the combined sample is also moderately negative, but with a relatively larger error bar. It is worth noting that the ICF for the sulfur abundances is calibrated on PNe (Kingsburgh & Barlow 1994) , while different calibrations seem to fit HII regions better, and in general sulfur abundances suffer from unpredicted deviations from expectations. A reasonable sample of PN for argon gradient determination is not available.
We give in Table 6 the abundance means, in logarithmic form, with their uncertainties. It is worth noting that all elements present a high level of scatter in the M81 sample, and that the HII region abundances are more scattered than the PNe. A measure of an average galactic elemental enrichment can be inferred from the average abundances of HII and those of the PNe. Enrichment is noted in all α-elements studied here. Since we are comparing HII regions and non-Type I PNe we are probing a time lag of about 6 Gyr, on average, in stellar populations (see also Maraston 2005; . The amount of α-elemental enrichment is 0.14±0.08 dex for oxygen, which is consistent with marginal enrichment. Naturally, given the large scatter of the HII region abundances, such enrichments are only an indication of a trend. Enrichment values calculated for the other α-element are similar to that of oxygen, but the high scatter and the small sample sizes make the uncertainties high and the result not statistically significant.
Discussion

A break in the radial metallicity distribution?
In Figure 8 we show our HII region oxygen abundances vs. distances plotted together with those HII regions analyzed by Patterson et al. (2012) whose abundances are based on weak-line plasma diagnostics, thus directly comparable to our sample. The broken line, based on the oxygen gradient given in Table 6 , is compatible with the inner regions from Patterson et al. (2012) . The region at 16 kpc is Münch-1, whose abundance of log(O/H)= 8.1 is compatible, within the errors, with the inner gradient, and it is ∼0.4 dex lower than the average abundance of the inner regions. On the other hand, region 28 (or KDG 61, farther than 30 kpc from the center) is incompatible with the inner gradient, and indicates gradient flattening in the outer regions of M81. The HII region coincident with the position of the dwarf galaxy KDG 61 has been studied in detail by Makarova et al. (2010) . The redshift difference between the HII region and the galactic stellar population is higher than the expected velocity dispersion within the dwarf galaxy, thus the HII region most likely belongs to the M81 disk. On the other hand, there is some uncertainty on whether Münch-1 really belongs to the M81 disk.
Based on the best data available, those in Figure 8 , the resulting scenario is compatible with a negative gradient in the inner disk and a basically flat gradient in the outer disk, but in order to confirm the sharp abundance break between approximately 10 and 16 kpc (R 25 =14.6 kpc in M81, Scarano & Lepine 2013) one would need to collect additional data in the general distance range where Münch-1 is located. The field surrounding Münch-1 is very rich in HII regions (Greenawalt et al. 1998) , whose spectroscopic analysis is feasible with 8m class telescopes. It is worth recalling that breaks in the radial metalicity gradients have been already observed in several spiral galaxies. Bresolin et al. (2009 Bresolin et al. ( , 2012 have shown that a break around R 25 is evident in several large spirals such as NGC3621 and NGC1512; unfortunately, these conclusions are based for the most part on strong-line abundances, corroborated only by 3-4 weakline data points per galaxy. While the metallicity breaks seem evident in these galaxies, the strong-line abundances do not always agree with the weak-line abundances, thus these results remain to be confirmed.
From the modeling viewpoint, a break in the radial metallicity distribution of a spiral galaxy could be produced by (1) mixing and turbulence processes (e.g. effects of radial gas flows induced by bars); (2) galactic scale outflows, which would explain the enrichment of the circumgalactic and intergalactic medium via galactic winds (e.g., Tumlinson et al. 2011) , and the origin of the mass -metallicity relation (Finlator & Davé 2008) ; and (3) enriched accretion, whose importance in defining the observed galaxy mass -metal-licity and mass -gas fraction relations at z> 1 has been underlined by Davé et al. (2011) . Stanghellini & Haywood (2010) have shown that there is indication that the radial metallicity gradients are steeper for the young than the old stellar populations in the Galaxy. In M33 the young and old populations have marginally different gradient slopes, and the gradient evolution is minor (Magrini 2009b . Both results have been derived from emission line objects through weak-line abundance analysis. In this paper we have indicated that the oxygen gradients for PNe and HII regions are negative, and that they are different within the errors. We have also shown that the log(O/H) vs. R G distributions for HII regions and PNe are statistically different, and consistent with the radial oxygen gradient of HII regions steeper than that of PNe. We illustrate this in Figure 9 , where we plot the oxygen gradient slope, in dex kpc −1 , against the average age of the probing stellar population. We place the HII regions at t=0, and the PN population at their likely average age, as described in , considering that there are no Type I PNe in M81. The age error bar covers the age-span of the PN population. The plot seems to indicate that there is in fact an evolution of the radial metallicity gradient in M81. This conclusion holds when including Patterson et al. 's (2012) data for the inner HII regions.
Comparison of M81 to other galaxies
We like to add to the plot of Figure 9 all galaxies whose metalicity gradients have been studied with weak-line oxygen abundances of PNe and HII regions. It would not be straightforward to add Sanders et al.'s (2012) data for M31 to Figure 9 . In fact, only 4 HII regions in M31 have weakline abundances, thus a gradient based on them would be very uncertain. The PNe in M31, according to Sanders et al. (2012) , show a flat weak-line gradient. The only other spiral galaxy that to our knowledge has enough PN and HII region abundances from weak-line analysis to be compared with the others of Fig. 9 is NGC 300 (Stasinska et al. 2013) . In NGC 300 the PN gradient is shallower than the HII region one. If we translate the gradients given by Stasinska et al. (2013) , which are referred to R 25 , to gradients in dex kpc −1 , we obtain ∆log(O/H)/∆R G =-0.024±0.014 (PNe), and -0.068±0.0091 (HII regions), as shown in Fig. 9 .
While the oxygen gradient slopes plotted in Figure 9 are all based on weak-line abundances, and they seem to indicate that the metallicity gradients for the PNe are always flatter than those of HII regions, we are well aware that each of these derivations have its own selection effects and intrinsic problems. For the Galactic sample, the distance uncertainty problem is present, although greatly alleviated by the use of the Magellanic Cloud distance calibration (Stanghellini et al. 2008) . Abundances of PNe and HII regions are based on temperatures derived from auroral lines of [O III] or [N II]; it is well known that emission from the O +2 ion acts as major coolant for HII regions and PNe, whose efficiency tends to increase with metallicity, making the corresponding auroral emission line very faint; a selection against metal-rich regions is thus possible when based on this emission line. Our regions in M81 have been selected through Hα imagery, thus such a selection effect is minimal in our sample. A marginal selection effect toward high Hα-emission regions is possible.
Planetary nebula models that take into consideration the oxygen abundance of the population show that the intensity ratio of the [O III] 5007Å emission line vs. Hβ declines with metallicity if we select ionizing stars at the peak of their temperature evolution (Stanghellini et al. 2003) . By running Cloudy (Ferland et al. 2013 ) models similar to those of Stanghellini et al. (2003) we find that the 4363 A intensity relative to Hβ decreases from ∼0.2 to ∼0.1 going from solar to SMC metallicity, all other input parameters being identical. A similar situation probably occurs for HII regions, and the reason is that metal-poor environments favor the production of carbon-rich stars. This effect has the consequence that HII regions in low-metallicity environments have higher carbon abundances; consequently, their cooling is provided mostly by the CIII line in the UV. While UV observations should help in quantify this behavior it would seem improbable that a huge selection effect against high metallicities is at place in M81.
The results of Figure 9 are compatible with steepening of the metallicity gradient with time, with the spiral galaxies forming inside-out, with infall of pre-enriched gas, or enhanced feedback. Gibson et al. (2013) have produced metallicity gradients in a cosmological context by modeling isolated, Milky Way-type galaxies at various redshifts and assuming a priori that the formation is inside-out. For the isolated disk galaxy models with enhanced feedback they reproduce a curve that fits perfectly the Milky Way data in Figure 9 if the look back ages were translated into redshift with a cosmological calculator (Wright 2006 ) and standard assumptions (open CDM model). Gibson et al. (2013) found, with their MaGIC g1536 simulation, that the gradients are rather flat for all populations back to z ∼1.5, with the (negative) slope steepening with time. We encounter this same behavior in all spiral galaxies where both PN and HII region gradients could be determined by weak-line analysis. For M81, the comparison should be done with models that include group components.
Interestingly, Gibson et al.'s (2013) models indicate that galaxies forming inside-out in groups seem to show steeper metallicity gradients than those of galaxies in isolation. M81 is the only galaxy in the set discussed in our Fig.  9 belonging to a loose group, and it also happens to display the highest (negative) gradient slopes. The environment can affect the gradient slope; metallicity gradients for both PNe and HII regions seem to be steeper in M81 than in the Galaxy, as noted by . It is worth noting that Sanchez et al. (2013) found that metallicity gradients of HII regions in spiral galaxies belonging to groups are flatter than those in isolation. While we can not assess whether the gradient evolution that we find is compatible with Sanchez et al.'s work (they do not quote gradient uncertainties) we note that they use strong-line oxygen abundances, which can give different results from the weak-line analysis, and secondly they estimate metallicity gradients in the 0.3-2× R 25 radial domain, whether ours is limited to R 25 < 1.
Without concluding that all galaxies in Fig. 9 have had an inside-out chemical evolution and pre-enriched gas infall, this hypothesis of galaxy formation would be compatible with the observed framework. While we find a mild evidence for gradient steepening with time, compatible with the scenario described by Gibson et al (2013) , we are aware that inside-out galactic disk formation may also produce gradient flattening with time, depending on other assump-tions, thus our findings are by no means a clear indication that the inside-out disk formation is at work. With all other conditions being equal, the radial metallicity gradient seem to be negatively steeper for the lower-mass galaxy (only stellar mass is considered here).
We also took into account the Hubble type of the observed galaxies, as given by Zaritsky et al. (1994) , when comparing the radial oxygen gradients for the galaxies of Figure 9 to one another. We multiplied the gradient slopes by R 25 3 for the comparison. We found that the (HII region) oxygen gradient slope relative to R 25 for M33 (type 6) and NGC 300 (type 7) are very similar, respectively -0.042 and -0.36 dex/R 25 , as expected given their similar Hubble type, while the M81 (type 2) absolute gradient slope is ∼-1.3 dex/R 25 , which seems to indicate a steeper gradient for an earlier Hubble type galaxy. This result is not in contrast with Zaritsky et al.'s (1994) trends, and may instead indicate either that the environment affects the Hubble typegradient trend, or that the break in the M81 galactic gradient carries more weight than seen so far with the available data.
It is worth noting that the inside-out galaxy formation associated to pre-enriched infall is not the only explanation of the presented data. In fact, models of galaxy evolution produce a degeneration of results if we consider radial migration. If for example we consider the models by Kubryk et al. (2013 ), or Michev et al. (2013 , we see that the older stellar populations suffer a much larger migration than the young ones, thus the observed gradient difference between PNe and HII regions could be due in principle solely to stellar migration. Kubryk's (2013) models invoke a strong bar, which might not be the case for M81. In the Galaxy, appropriate de-migration of the observed PN populations would compensate the observed metallicity gradient evolution (Stanghellini & Haywood, in preparation) . While beyond the scope of this paper, it is worth underlying that current models can not be uniquely constrained by the available data.
Conclusion, and future work
Weak-line abundance analysis is performed for a sample of HII regions in M81, based on GMOS/Gemini multi-object spectroscopy. Together with other datasets we have collected in the past with the MMT we found oxygen enrichment of 0.14±0.08 dex in M81.
We also found a radial metallicity gradient ∆log(O/H)/∆R G = −0.088±0.013 dex kpc −1 , when using HII regions as probes. Compared to the PN gradient, which is recalculated here based on new PN identifications, to be -0.044±0.007 dex kpc −1 , this result is consistent with the metallicity gradient steepening with time since galaxy formation, if stellar migration is not accounted for. Compared to other galaxies for which these diagnostics are available, there is consistency of gradient steepening with time in the Galaxy, M33, and NGC 300, in addition to M81. It appears that the gradient has steepened in M81 more than in the other galaxies examined by weak-line abundances.
Our M81 data are consistent with a negative HII region oxygen gradient in the inner galaxy, but they can not exclude a flat gradient in the outer galactic regions, as indicated by Patterson et al.'s (2012) . A better handle on this possibility could be offered by observing other M81 fields in the outer zones where the gradient seems to break. This would actually be the first direct test of a radial metallicity break by using only weak-line abundances.
The results obtained in this work are based solely on weak-line abundances, from direct empirical methods. We avoid to mix the weak-line and strong-line derived abundances in order to obtain as pure a sample as possible. By deriving abundance using the strong-line method, possibly based on calibrations within our own observations, would have certainly enlarged the sample size and lower the formal gradient errors. Abundances derived from the two methods have different errors and might have different systematics. Furthermore, abundances from strong-line fitting formulae can have intrinsic errors of ∼0.5 dex, and the gradients in spiral galaxies are very shallow in general, which makes a bad combination for precise gradient studies.
Both the abundances presented here for M81 from GMOS, and those from the MMT observations, have large error bars. We also note that, while statistically accurate, the difference in gradient is below 3σ and can be seen as tentative at this stage. Although we have been conservative in the error bar estimates, it is clear that this abundance determination method has been pushed very far here. It is worth noting that the GMOS time allocated for this project was about 70% of the time requested, thus the S/N ratio for some of the diagnostics lines of regions that are listed now as lower limits to fluxes could have been completely analyzed with the original allocation of time. We plan in the future to observe additional HII regions to better define the metallicity gradient both for the inner and outer regions of this galaxy, in particular to augment the radial extent of the analysis. Also, we plan to extend this type of analysis to other spiral galaxies with different masses, metallicities, and environment conditions, to enlarge the database to study metallicity gradients and their evolution.
More progress could be taken forward with the data on hand by modeling the regions studied with photoionization analysis in a self-consistent way. We aim to reproduce the observed abundances with the observed emission lines, and to continue enriching the sample of spiral galaxies for which these diagnostics will be available. . Oxygen abundances, from weak-line analysis, versus distance from the galactic center, for HII regions and PNe. Symbols are as in Figure 5 . Lines are the fits as in Figure  5 to the MMT+GMOS HII region samples, and the PNe. Fig. 9 . Evolution of the oxygen gradient for several galaxies, derived from the PN and HII region gradients, adapted from . The data points for M81 have been updated considering the gradient derived here, and include all slopes of Figure 5 : squares are for best statistical gradients, with converging fits and χ 2 /(degrees of freedom) ∼ 1; the cross at t=0 indicates the location of the gradient from the middle panel of Figure 5 , where only low-uncertainty data points have been included. The data points for NGC 300 are from Stasinska et al. (2013) . 
